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We sought to reduce tumor hypoxia by topical application of a vasodilator, benzyl nicotinate (BN), and investigated its effect on the growth of tumors irradiated at times when tumor pO 2 increased. EPR oximetry was used to follow the changes in the tissue pO 2 of subcutaneous radiation-induced fibrosarcoma (RIF-1) tumors during topical applications of 1.25-8% BN formulations for 5 consecutive days. The RIF-1 tumors were hypoxic with a tissue pO 2 of 4.6-7.0 mmHg. A significant increase in tumor pO 2 occurred 10-30 min after BN application. The formulation with the minimal BN concentration that produced a significant increase in tumor pO 2 was used for the radiation study. The tumors were irradiated (4 Gy 3 5) at the time of the maximum increase in pO 2 observed with the 2.5% BN formulation. The tumors with an increase in pO 2 of greater than 2 mmHg from the baseline after application of BN on day 1 had a significant growth inhibition compared to the tumors with an increase in pO 2 of less than 2 mmHg. The results indicate that the irradiation of tumors at the time of an increase in pO 2 after the topical application of the 2.5% BN formulation led to a significant growth inhibition. EPR oximetry provided dynamic information on the changes in tumor pO 2 , which could be used to identify responders and non-responders and schedule therapy during the experiments. g 2010 by Radiation Research Society
INTRODUCTION
The presence of hypoxia in tumors and its impact on therapeutic resistance has been observed in various preclinical and clinical studies (1, 2) . Tumor hypoxia also leads to aggressive tumor behavior and tumor metastasis (3, 4) . Thus hypoxic regions should be minimized or eliminated by improving tumor oxygenation to gain therapeutic benefits, but so far this approach has yielded mixed results. Raising arterial pO 2 (partial pressure of oxygen) by inhalation of hyperoxic gases (usually carbogen) was effective in a large number of tumor models and patients (5-7); however, some studies reported no effect or a worsening of the oxygenation status (8, 9) . ARCON (accelerated radiotherapy with carbogen and nicotinamide) combines radiation with hypoxia-modifying methods, with the aim of counteracting tumor cell repopulation and hypoxia resistance mechanisms (10, 11) . Promising results have been obtained in several clinical studies using ARCON (12) (13) (14) (15) ; however, the results of a phase I/II study (16) , and non-small cell lung cancer (17) and glioblastoma (18) trials were not encouraging. Nicotinamide was used in these studies because it was thought to be a fairly nontoxic drug, but a daily administration of 80 mg/kg nicotinamide during radiotherapy caused nausea and vomiting in most patients (19) . Over 30% of the patients discontinued use due to these side effects, which were generally unresponsive to antiemetic drugs (20, 21) . Other nicotinate derivatives also have been investigated to achieve better tumor oxygenation to enhance radiotherapeutic response (22, 23) . However, in most of these experiments, the drugs were administered systemically. Gallez et al. found an increase in tumor oxygenation by intraperitoneal administration of xanthinol nicotinate using the transplantable mouse liver tumor (TLT) model (22, 23) .
To optimize hypoxia-modifying methods and combine these efficaciously with radiotherapy, it is important to measure temporal changes in tumor pO 2 during treatments. Therapeutic outcome could be enhanced if the radiation could be scheduled at times of increased tumor oxygenation. However, until recently, the lack of methods that can provide repeated measurement of tumor pO 2 noninvasively has restricted these optimizations. In vivo EPR oximetry has the capability to provide repeated measurements of tumor pO 2 and is being used increasingly to investigate hypoxia-modifying methods and demonstrate therapeutic optimization (24) (25) (26) (27) (28) .
To establish an alternative and potentially less toxic approach and to test the effectiveness of monitoring 2 by EPR oximetry, we focused on the development of formulations with benzyl nicotinate (BN) that could be applied topically to enhance tissue pO 2 of peripheral tumors. BN is an ester of nicotinic acid and acts as a prodrug that crosses the skin and releases nicotinic acid upon enzymatic hydrolysis. This provokes an increase in cutaneous blood flow, at least partly by enhancing the formation of vasodilating prostaglandins (29) . As a consequence, the level of oxygen in the tissue is augmented. The time of maximal effect and the duration of vasodilation depend on the concentration of the drug, its chemical structure (nicotinic acid and different esters: methyl, ethyl, hexyl, benzyl) (30) , and the delivery system. A maximum increase in tissue pO 2 of the oral mucosa was observed with 2% BN in polymethyl methacrylate (PMM) ointment (31) . The effects of BN formulations with nanosized delivery systems and penetration enhancers on skin pO 2 (32) and formulations with liposomes of different sizes and compositions on oral mucosa pO 2 have been reported earlier (33) .
We used EPR oximetry to determine the effect of different concentrations of BN in the topical formulation on the pO 2 of subcutaneous RIF-1 tumors. We also investigated the therapeutic outcome when the tumors were irradiated (4 Gy 3 5) at the time of an increase in tumor pO 2 observed with the optimal BN formulation determined from the pO 2 studies.
MATERIALS AND METHODS

Study Design
The effects of different concentration of BN (1.25%, 2.5%, 5%, 8%) in microemulsion with 1% penetration enhancers (MEPE) on the pO 2 of RIF-1 tumors were measured by multisite EPR oximetry for 5 consecutive days. The changes in tumor pO 2 were analyzed to determine the BN formulation that resulted in a consistent and significant increase in tumor pO 2 over several days. This BN formulation was then used for studies with radiation. The tumor pO 2 was assessed before and after BN application, and the tumors were irradiated with 4 Gy at the time of maximum increase in tumor pO 2 . This protocol was repeated for 5 consecutive days. The same protocol was followed for the control group except that the tumors were treated with the formulaton without BN. The tumor volume was measured each day before irradiation, and the tumor growth was compared between groups to determine the therapeutic efficacy General Methods
Tumor models
The radiation-induced fibrosarcoma (RIF-1) cells were a gift from Dr. J. B. Mitchell's laboratory at the National Cancer Institute. This well-established subcutaneous tumor model has been used for several studies in our laboratory (24, 34, 35) . The cells were cultured in vitro in RPMI 1640 medium supplemented with 10% FBS, glutamine and antibiotics. The procedure for tumor inoculation was described previously (34) . Briefly, female C3H/HEJ mice (18-20 g, Charles River Laboratories, Wilmington, MA) were anesthetized (1.2% isoflurane, 30% O 2 ), and a suspension of 2 3 10 5 cells in 50 ml was injected subcutaneously into the left posterior flank. The tumors were allowed to grow for 12-14 days, and oxygen-sensitive lithium phthalocyanine (LiPc) crystals were implanted into the tumors as described below.
Tumor volume measurement
The tumor volumes were estimated using the formula p/6 3 length 3 width 2 as described previously (34).
Preparation of BN formulations
BN (Fluka, Buchs, Switzerland) was incorporated into the microemulsion with a penetration enhancer (MEPE, vehicle) at different concentrations using the methods described by Abramovic et al. (32) . The final BN concentrations in the formulations were 1.25%, 2.5%, 5% and 8%. Briefly, BN was incorporated into the oil phase of a water-in-oil type microemulsion by dissolving in a mixture of surfactant (PEG-8 caprylic/capric glyceride, LabrasolH, Gattefosse, Saint-Priest Cedex, France), cosurfactant (polyglyceryl-6-dioleate, Plurol oleiqueH, Gattefosse), and oil (caprylic/capric triglyceride, Mygliol 812H, Hü ls, Witten, Germany). Finally, a combination of sorbitan laurate and N-lauroyl sarcosine (penetration enhancers, Fluka, Buchs, Switzerland) 3:2 w/w was dissolved in the formulation prepared above. We also added colloidal silica (Aerosil 200H, Degussa AG, Dü sseldorf, Germany) at the end to increase the viscosity of the formulation so that formulations could be applied properly on the tumors.
Paramagnetic probe for EPR oximetry
LiPc crystals were synthesized in our laboratory; their physicochemical properties and use for measuring tissue pO 2 have been described previously (24, 25, 34, 36) . LiPc has a single sharp EPR line whose width is highly sensitive to pO 2 . The EPR spectra reflect the average partial pressure of oxygen on the surface of the crystals. The high density of unpaired spins combined with the narrow intrinsic line width of LiPc (37) allows the measurements of tissue pO 2 using one or more crystals (30-50 mg) with a total diameter of ,200 mm. For LiPc implantation, the mice were anesthetized (1.5% isoflurane, 30% FiO 2 ), and two aggregates of LiPc crystals (30-50 mg each) were implanted in each tumor using 25-gauge needles and wire styluses. The implants were about 0.5-1.0 mm from the tumor surface and were approximately 4.0 mm apart.
EPR oximetry
EPR oximetry was performed on an L-band (1.2 GHz) EPR spectrometer with an external loop resonator specifically designed for in vivo experiments (26) . A set of coils capable of generating a magnetic-field gradient (3.0 G/cm) was used to separate the EPR spectra of the two implants in each tumor (38) . The spectrometer parameters were: incident microwave power, 2 mW; magnetic-field center, 425 gauss; scan range, 2 gauss; modulation frequency, 24 kHz. The modulation amplitude was one-third of the EPR line width with scan time of 10 s. We averaged six scans to enhance the signal-tonoise ratio. The EPR line widths were converted to pO 2 using a calibration determined for the LiPc crystals used in this study.
Experiment Protocol
Experimental groups
Mice were assigned randomly into seven groups for the determination of an optimal BN formulation: 
Procedure for application of BN and irradiation
The mice were anesthetized (1.5% isoflurane, 30% O 2 ) 24 h after LiPc implantation (day 1), and the baseline pO 2 was measured for 30 min. Then 0.2 ml of the formulation was applied gently to the tumor for 1 min without moving the mouse from the EPR magnet; the tumor was covered with a thin plastic film to minimize any drying of the formulation. EPR measurements were then continued for 60 min to determine the effect of the BN formulations on tumor pO 2 . The protocol was repeated for 5 consecutive days. In the control group, the formulation without BN (i.e. MEPE) was applied and the same protocol was followed. The tumor pO 2 measured on day 1 prior to any treatment is the baseline pO 2 , while the pO 2 measured on days 2-5 before the application of BN formulations is the pretreatment pO 2 . Similar terms are also used for tumor volume measurements.
For the irradiation study, a 2.5% BN formulation was applied after baseline tumor pO 2 measurement and the measurements were continued for another 20 min. The animals were then moved to the irradiation bed of a Clinac 2100C (Varian Linear Accelerator, 6 MeV, 6 cm 3 6 cm applicator), and the beam was focused on the tumor. Appropriate lead shields were used to limit irradiation of the normal tissue of the mice. The approximate time between the end of the EPR measurements and the beginning of the irradiation was 6-8 min. The animals were then immediately moved back to the EPR spectrometer for pO 2 measurements (usual time between irradiation and resumption of EPR measurements was 6-10 min), which lasted at least 15 min. In the sham control group, the formulation without BN was applied to the tumor and the same protocol was followed.
Physiological control and histological analysis
During EPR measurements, the body temperature of the animals was monitored using a rectal probe and was maintained at 37.0 ± 0.5uC using a thermostatically controlled heated pad and a flow of warm air. The animals were kept warm by an electric heating pad during the transportation to and from the irradiator.
On day 6, the animals were killed humanely, and tumors were removed, fixed and sectioned. Microscopic examination (H&E staining) of the tissue around the LiPc deposits was performed to confirm its location in the tumor. The LiPc deposits were in the interstitial compartment of the tumor tissue with no evidence of edema or infiltration of the inflammatory cells.
Statistical Analysis
The tumor pO 2 data were averaged for every 5 min to compare pO 2 changes in each group and between groups. A paired t test was used to determine the statistical significance of the changes in pO 2 and tumor volume within a group, and an unpaired t test was used to determine the significance of differences between groups. The paired comparison reduces the effects of animal-to-animal heterogeneity and eliminates differences in the baseline pO 2 . The tests were two-sided, and a change with P , 0.05 was considered significant. All data are expressed as means ± SEM; n is the total number of LiPc implants, and N is the number of animals in each group.
RESULTS
Effect of Formulations with Different Concentrations of BN on Tumor pO 2 and Growth
The mean baseline tumor pO 2 and tumor volumes on day 1 and the mean pretreatment tumor pO 2 and volume on subsequent days for each group are summarized in Table 1 . No significant differences in the baseline pO 2 and pretreatment pO 2 resulting from the two LiPc deposits of each tumor were observed (data not shown); therefore, these were pooled to determine average tumor pO 2 on each day. There was no apparent effect of tumor size on tumor pO 2 , and no significant differences in tumor volume between control (MEPE) and treatment groups were observed.
The effect of different concentrations of BN on tumor pO 2 varied over days (Fig. 1) . The topical application of 1.25% BN resulted in a small but significant increase in tumor pO 2 within 10 min only on day 2. In contrast, 2.5% and 5% BN resulted in significant increases in tumor pO 2 within 20-30 min from day 1 to day 4, while 8% BN resulted in a significant increase in tumor pO 2 on days 1 to 3 only.
The formulation with 2.5% BN provided a significant and consistent increase in tumor pO 2 compared to other formulations. Therefore, this formulation was used to investigate the effect on the radiation response when the tumors were irradiated at times of increased tumor pO 2 .
Tissue pO 2 
and Growth of Tumors Treated with 2.5% BN or MEPE and 4 Gy for 5 Consecutive Days
The mean baseline and pretreatment tumor pO 2 are summarized in Fig. 2 . The pretreatment tumor pO 2 of the BN/radiation group increased significantly on days 3 and 5 compared to day 1. No significant changes in the 
TOPICAL VASODILATOR AND RADIOTHERAPEUTIC OUTCOME baseline tumor pO 2 and pretreatment tumor pO 2 were observed in the MEPE/radiation group. The increase in pretreatment pO 2 on day 3 was also significantly higher in the BN/radiation group than in the MEPE/radiation group. A significant increase in tumor pO 2 at 10-30 min was observed with 2.5% BN on day 1 to day 4 compared to MEPE (Fig. 3) . A significant increase in tumor pO 2 compared to the baseline and pretreatment pO 2 was also observed in both the 2.5% BN and MEPE groups after irradiation on days 1 to 5.
The changes in the tumor volume are shown in Fig. 4 . No significant differences in the baseline tumor volumes (tumor volume on day 1) of the 2.5% BN and MEPE groups were observed. We also saw no significant differences in tumor growth between the 2.5% BN and MEPE groups. However, radiotherapy resulted in a highly significant decrease in tumor growth in both the 2.5% BN and MEPE groups.
These data were reanalyzed to test the hypothesis that the changes in tumor pO 2 observed on day 1 could be used as a marker to identify responders and nonresponders. The tumor volumes of the BN/radiation group were separated into two subgroups based on the tumor pO 2 changes observed on day 1: tumors with an increase in pO 2 of less than 2 mmHg from baseline (nonresponsive group) and tumors with an increase in pO 2 of more than 2 mmHg from baseline (responsive group) (Fig. 5) . A significant inhibition of tumor growth was seen on days 4 and 5 in the responsive group, while no such changes were observed in the nonresponsive group.
DISCUSSION
The RIF-1 tumors were hypoxic, and the baseline and pretreatment pO 2 were stable over 5 days of repeated measurements during the BN study (without radiation). A significant increase in tumor pO 2 was observed after the topical application of the BN formulations, while no such changes were observed with MEPE. The effect of the 2.5% BN formulation on tumor pO 2 was most consistent, with a significant increase in pO 2 on days 1 to 4. These data are in agreement with a study on the skin pO 2 of BALB/c mice by Krzic et al. in which the best results were observed with a 2.5% BN gel formulation (39) . In the 2.5% BN/radiotherapy group, the baseline and pretreatment tumor pO 2 were similar to those of the first study. A significant increase in tumor pO 2 was observed at 40-50 min after 2.5% BN or MEPE (around 10-20 min after irradiation; Fig. 3 ). This is likely due to radiation-induced changes in the tumor, such as reduced oxygen consumption or a decrease in interstitial pressure (15, 40, 41) . Crokart et al. reported an increase in the tissue pO 2 of FSaII tumors 3-4 h after a single dose of 2 Gy due to a decrease in global oxygen consumption and an increase in oxygen delivery (42) . Znati et al. reported a decrease in interstitial pressure in experiments with fractionated radiation exceeding 10 Gy, which resulted in an increase in tumor oxygenation (43) .
There were no significant differences in tumor growth between the 2.5% BN/radiation and MEPE/radiation groups; however, significant differences were detected when the tumors of the BN/radiation group were grouped as responsive and nonresponsive based on the changes in tumor pO 2 observed after the topical application of the BN formulation on day 1. These results suggest that combining 2.5% BN with radiation can provide significant radiosensitization. The increase in tumor oxygenation by BN at the time of irradiation would be expected to decrease the hypoxia-related radioresistance of the tumor, resulting in increased radiosensitivity.
A number of adjuvant treatments have been developed to increase tumor oxygenation such as breathing of oxygen-enriched gases (5-7), inhibitors of tumor oxygen consumption (44, 45) , hemoglobin modifier (24, 36) and anti-angiogenic drugs (46, 47) . It has been hypothesized that radioresistant hypoxic regions might be minimized or eliminated if delivery of O 2 to the tumors could be improved. However, one of the limiting factors is the lack of techniques that could be used to follow the changes in tumor oxygenation during such treatments. EPR oximetry could potentially be used to follow tumor TOPICAL VASODILATOR AND RADIOTHERAPEUTIC OUTCOME pO 2 during such interventions for their optimization and their efficacious combination with other therapeutic modalities. EPR oximetry requires a one-time implantation of the oximetry probe in the tissue of interest using 23-25 gauge needles, but the rest of the measurement procedure is noninvasive and allows repeated measurements of localized changes in the tissue pO 2 (26) . This is not feasible with techniques such as polarographic electrodes, because the measurement procedure is invasive and cannot be repeated in the same tumors at different times (or days) due to the tissue damage caused by the electrodes during measurements. The clinical feasibility of EPR oximetry for pO 2 measurements in patients with superficial tumors is currently being investigated at our institution (48, 49) . The development of techniques such as implantable resonators will extend the application of EPR oximetry to any depth in the body (48, 49) .
It is especially interesting and potentially important that the extent of the change in tumor pO 2 observed in this study on day 1 could be used as an accurate predictor of outcome. However, further modifications of the BN formulations are necessary to achieve an optimal increase in tumor pO 2 during repeated applications. The results also highlight the significance of repeated tumor pO 2 measurements by EPR oximetry for the optimization of the BN formulation and for scheduling radiotherapy when an increase in tumor pO 2 is observed after the topical application of the formulations.
In conclusion, these results provide quantitative information on the effectiveness of BN formulations in enhancing tumor pO 2 and the potential of EPR oximetry to monitor tumor pO 2 repeatedly during therapy. The tumor pO 2 changes during such protocols could be used to identify responders and nonresponders early during therapy. This vital information could potentially allow clinicians to prescribe alternate therapies to nonresponders and improve clinical outcomes.
